. SUMMARY 
target organs in the animal prior to explantation.
Langley and Anderson (11) described experiments in adult cats that suggested that postganglionic sympathetic fibers from the superior cervical ganglion would not functionally innervate skeletal muscle (tongue) because the nerve endings were unable to affect the muscle cells. Although unknown to Langley and Anderson at the time, the fact that sympathetic neurons release norepinephrine (NE) from their terminals would make them unable to affect the acetylcholine receptors on muscle cells. However, the finding that, under certain culture conditions, dissociated SCGN from embryonic tissue become cholinergic (15, 19-21, 28, 30) and are able, in fact, to form physiologically detectable junctions with cocultured myotubes (16, 29, 30) suggests that more sensitive techniques might reveal interactions between SCGN and skeletal muscle even in the animal. Given the biochemical and morphological evidence that SCGN explant cultures from adult animals seemed to remain "adrenergic" (2, 24), we decided to test the ability of these older cells to form functional neuromuscular contacts. Preliminary results from these studies have been published (28, 29) .
METHODS
Pwparu tion oj' cdtures POSTNATAL SCGN.
The procedure for establishing postnatal SCGN in dissociated culture has been described (3 1). SKELETAL MUSCLE.
Cultures of skeletal muscle were prepared from 17-to 21-day embryonic rat hindlimbs.
Both muscle chunks and dissociated muscle were used. In the first case, connective tissue was removed mechanically and the muscle cut into approximately 1 mm" chunks; three to five chunks were put on each collagencoated culture dish. Within 24 h, myoblasts migrated away from the chunks and began proliferating.
Myotube formation from fusion of myoblasts occurred after a couple of days and continued for at least a week, at which point either explanted or dissociated SCG were added. Superior cervical ganglia (SCG) explants were taken from 5-day-old rat pups and adult (approximately 250 g) rats. Ganglia were stripped of their connective tissue sheath and cut into l-2 mm'{ chunks. Two or three explants were added to each muscle culture dish.
Dissociated muscle cultures were prepared by treating small muscle chunks with 0.1% trypsin (Nutritional Biologicals) for 45 min at 35°C and pH 7.6-7.8.
The muscle was subsequently rinsed, triturated in a small-bore glass pipette, filtered through a IO-pm-pore Nitex (Tetko, Rolling Meadows, IL) filter, and plated onto a collagencoated culture dish. Myoblasts proliferated extensively and myotubes formed after 3-4 days in vitro. Neurons were added after 7-10 days.
The feed used to establish the muscle in vitro was either the standard medium used for neurons (30) or a feed containing 2-5s chick embryo extract, 10% horse serum, 85% Eagles minimum essential media (MEM) (Gibco, Grand Island, NY), 2 mM glutamine, and 600 mg/lOO ml glucose. The latter medium was found to promote more vigorous myotube formation than did the standard neuronal medium. Once the myotubes had formed, they could be adequately maintained for many weeks on the standard medium, which was used exclusively after the neurons were added.
Muscle cultures were fed daily until the neurons were added; feedings were then 3 times a week. Cultures were maintained in a humidified atmosphere of 5% CO., at 35°C.
In both chunk and dissociated muscle cultures, fusion of myoblasts began after a few days of active proliferation, the dissociated cultures taking slightly longer, and resulted in multinucleate, often branching myotubes, which varied in length from less than 100 ,um to several millimeters. No cross striations could be seen, with or without neurons present, although the muscle cells were capable of active contraction.
In fact, spontaneous contractions were commonly seen after a week or so in vitro. Myotubes tended to become quiescent when put on the standard (neuronal) medium. The reason for this is unclear and was not systematically investigated. After a few weeks on the standard medium, myotubes began to deteriorate as evidenced by the accumulation of refractile (phase bright) particles in the sarcoplasm and rounding up of the normally elongate muscle cells. Myotubes that did not give an action potential (AP) or failed to contract on direct stimulation through the recording electrode were abandoned.
Not only were the muscle cells capable of spontaneous contractile activity, but direct extracellular and intracellular stimulation could evoke action potentials and contractions. The mean amplitude of the APs elicited by direct intracellular stimulation was 97 _t 3.4 mV (mean 2 SE; n = 20; range = 48-120), and the resting potential, measured by comparing the difference in electrode potential before and immediately after removal from the cell was 63 it 2.1 mV (rt Most of the anatomical and physiological methods were the same as those used in the preceding paper. However, no intracellular recordings were attempted from SCGN grown in explant cultures due to the overgrowth of supporting cells and a tough fibrous material found over the explants. For this reason, bipolar extracellular stimulation of the ganglion explants was employed. Two glass pipettes with tip diameters of 5-7 pm and filled with 4 M NaCl were separated by lo-15 pm and applied to the edge of an explant closest to the myotube to be impaled. At threshold levels, stimulation evoked contractions of a variable number of myotubes on any particular trial. Increased stimulus strength recruited more myotubes until virtually all the myotubes were contracting 1: 1 with stimulus frequency (usually 1 Hz). In order to avoid misinterpretations resulting from inadvertent direct stimulation of the muscle, evoked contractions were reversibly blocked with 2.5 mM of &TC or low extracellular Ca"+ with constant-stimulation parameters. Pharmacological antagonists to various putative neurotransmitter substances were applied via a continuous perfusion system as previously described (9).
RESULTS

Pharmacology of synaptic interactions between SCGN
In order to determine the nature of the chemical transmitter being used by these neurons, various pharmacological blocking agents were perfused through the cultures while recording synaptic potentials. The results are summarized in Table 1 . As the data shows, C-6 was the only drug that consistently reduced or eliminated the synaptic potentials. The consecutive effects of C-6, propranolol, atropine, and phenoxybenzamine on the same neuronal pair are shown in Fig. 1 . The only clear effect with drug perfusion for this pair of cells is the complete block of the synaptic potential with C-6. The potential recovered after 5 min in control media (trace 6 of Fig. 2 ). Both blockade and recovery of synaptic potentials by C-6 (or propranolol; see below) were graded events. A decrease in amplitude was almost always apparent after 5 min perfusion time with the drug and a complete block was achieved usually within 10 min (depending on the initial response amplitude and perfusion rate, both of which could vary considerably). Recovery occurred more slowly, usually over a 20-to 30-min time course. In two of the three cases in which C-6 did not block the potential, the culture was perfused for 7 and 9 min, respectively. In the third case, C-6 was being perfused into the culture for 10 min before the synaptic potential was even found.
Five synaptic potentials (of a total of 29) were found to be sensitive to the P-adrenergic blocker propranolol. An example of a propranolol block is shown in Fig. 2 ,+ A few minutes after the potential recovered in the control media, the culture was perfused with C-6 (Fig. 2,) , while maintaining the recordings from the same cell pair. It can be seen that the synaptic potential was also blocked by this drug (Fig. 22 ). This was one of two synaptic responses that was found to be blocked by both propranolol and C-6.
The ar-adrenergic antagonist phenoxybenzamine (PB) gave inconsistent results (see Effect of various blocking agents on a single postnatal neuron-neuron synaptic potential. 1, synaptic potential (upper trace) in control media, produced by excitation of driver cell (lower trace). 2, propranolol (PROP; 2 x 10-a; M) was perfused for 6.5 min; the increased size of synaptic potential was due to improved membrane sealing around the electrode (see text). 3, atropine (ATRP; 3 X 1O-f' M) was perfused for 7 min. a slight decrease in amplitude due to the atropine may have occurred. 4, phenoxybenzamine (PB; 2 x 10m5 M) has no effect, after 8 min. 5, C-6 ( 10W4 M) abolishes the response in 3 min, which recovers after 5 min in control (6 Table 1 ). Only relatively small changes in potential amplitude (both increasing and decreasing) were found, and an insufficient sample of synaptic potentials was obtained to differentiate statistically between normal amplitude fluctuations (see Ref. 32 ) and possible drug effects. In addition, improving (increased resting potential) or deteriorating (decreased resting potential) penetrations would also cause changes in response amplitudes. Chlorpromazine (dopamine antagonist) caused no change and atropine had no effect except at high concentrations. j-day and adult explants were reversibly blocked by low Ca2+ medium. The inhibition of contraction in low Ca2+ could be overcome by increasing stimulus strengths at the SCG explant or by placing the stimulating electrodes directly over the muscle.
Similarly, d-TC reversibly inhibited nerve induced muscle activation by both the young and old SCG explants (Fig. 31J . The d-TC block could also be overcome by direct stimulation of the muscle. In the example shown, extracellular stimulation of an SCG explant taken from an adult rat evoked a suprathreshold junctional potential (Fig.  3,, upper trace) . The initial biphasic voltage displacement is the stimulus artifact. After a complete block with d-TC perfusion, small evoked "end-plate" potentials (EPPS) of varying size (and with some failures) reappeared following several minutes in control solution (Fig. 3 .J. Continued perfusion with control media resulted in larger EPPS, some of which had multiple-peak components ( Fig. 3: ,; see below). Eventually, nerveevoked APs were again produced (Fig. 3,) . Because stimulation of the ganglion explants caused widespread muscle contractions, which could not be effectively distinguished by varying the stimulus strength, the complication of movement artifacts from myotubes nearby the one impaled became a problem. To obviate this problem, dissociated sympathetic neurons were cultured with muscle cells (dissociated and chunks) and intracellular recordings from nerve-muscle pairs obtained.
The growth of dissociated SCGN among the myotubes contrasted to the random di- rectionality of neuronal process growth in SCGN cultures alone. Instead, the processes tended to orient themselves parallel to the long axis of the myotubes. This was true of all SCGN grown with muscle and is demonstrated in the camera lucida drawing of an HRP-injected neuron derived from a IO-wk-old rat (Fig. 4) . The myotubes (shaded areas) labeled 1 and 2 were innervated by the neuron, while myotube 3, which had a neuronal process running over it, was not.
Previous reports had demonstrated that embryonic SCGN would form cholinergic connections with skeletal muscle cells in vitro (15). As a control for our culture systern, and to confirm these earlier studies, we cultured perinatal SCGN with muscle cells. Nerve-evoked muscle depolarizations were readily found. Twenty-two neurons and sixteen myotubes were penetrated; a total of six neuromuscular contacts were Virtually every synaptic potential (neuron-neuron) for which a complete pharmacological series (block and recovery) was obtained was found to be sensitive to the -found, as well as one autaptic potential (see below). The EPPS recorded were sensitive to extracellular Ca*+ levels, and were also blocked by d-TC (Fig. 5) , indicating that transmission was nicotinic cholinergic. Spontaneous miniature EPPS were rarely found, and the sample size obtained was insufficient for statistical analysis.
We next tested the ability of postnatal SCGN to form functional connections with skeletal muscle. Dissociated SCGN from six different culture series were studied, including tissue from 5, 7-, and IO-wk-old rats cultured with skeletal muscle cells (dissociated and chunks). A total of 42 neurons and 65 myotubes were penetrated, and from this group nine neuromuscular contacts were found. This degree of interaction was comparable to that found for embryonic SCGN and muscle. Three of these EPPS were tested pharmacologically with 2 PM d-TC. In all cases, the EPPS could be reversibly inhibited by &TC (Fig. 6A, B) . Four neurons forming neuromuscular contacts also established synaptic connections on themselves (autapse). Figure 6A shows an example of this phenomenon. The autaptic potential is not present in Fig. 6A 1, but can be seen in Fig. 6A2 (arrow) and 6A3 (hump in falling phase of nerve AP, upper trace). Synaptic transmission between adult SCGN has been shown to be sensitive to the ganglionic blocking agent, hexamethonium (29). Perfusion with 2 PM d-TC for 11 min had little effect on the amplitude of the autaptic potential, while it reduced the size of the EPP substantially (Fig. 6A2, arrowhead) . Figure 6B cholinergic antagonist C-6. More intriguing, though, are the several examples of propranolol-sensitive synaptic potentials. Propranolol, in concentrations exceeding 4 x IO+ M, has been shown to have local anesthetic activity (32). Concentrations between 5 x 10V6 and 5 x lo-" M were used in the present study, but because the culture was perfused continuously it is difficult to determine the drug concentrations at any given time. The turnover time of the fluid in the culture dish has been estimated at 20 min (9); most of the blocking action of propranolol was seen in 5-7 min. Thus, the effective concentration of the drug was much less than the maximum concentration obtainable. In addition, the many synaptic potentials that were not blocked by propranolol (including some that were perfused for 15 min) argue against an anesthetic action of propranolol. Alternatively, propran-0101 may antagonize P-receptor activation. No evidence that NE membrane receptors on or near the cell body have been found in culture (18, 3 l), thus suggesting a presynaptic location for possible P-receptors. The presence of presynaptic P-receptors on sympathetic neurons has been shown in vivo (32) and in vitro (32, 33 In addition to forming cholinergic junctions on the skeletal muscle cells, some of the sympathetic neurons making neuromuscular synapses established autaptic connections. Although it is possible that there is an interposed neuron, which produces the observed synaptic potential, the following arguments make this unlikely. First, the potentials were of short latency, appearing on the repolarization phase of the AP and immediately following or even obscuring the afterhyperpolarization.
Second, the autaptic potential had few failures, implying that a second neuron would have to follow the first virtually 1: I with an AP. Third, the low density of neurons, particularly in the postnatal SCGN and muscle cultures (< 100 neurons per culture dish), made interneuronal distances large and the probability of interaction low. However, even if a second neuron was interposed and produced the synaptic potential in the original driver, one still has a situation where a sympathetic neuron is synaptically connected to both a muscle cell and a neuron. A similar finding has been reported by Nurse and O'Lague (15) . The phenomenon of a neuron innervating a nonneuronal cell and another neuron is found normally in mammalian cymotor neurons (25) and mudpuppy cardiac ganglion (23), and following denervation in the parasympathetic ganglion innervating the heart (26) and guinea pig superior cervical ganglia (22).
Attempts to innervate skeletal muscle with fibers from the SCG in vivo have been made with a notable lack of success (11, 12). One possible explanation for this negative result by Langley and Anderson (I 1) may have been their apparent failure to cut the original nerve to the target muscle. Since their experiments were done, it has been shown that a foreign nerve will not innervate muscle with intact native nerve fibers (6) unless care is taken to implant the foreign nerve over the original end plate (1 choline acetyltransferase (CAT) activity declines to extremely low levels when taken from rats older than 3-4 wk. It was proposed by Ross et al. (24) that a critical period existed during postnatal development, after which the ability of the SCGN to synthesize different neurotransmitters decreases. With the possible exception of the two culture series in which no synaptic interactions were found (31), the results reported here suggest that adrenergic sympathetic neurons retain the ability to respond to environmental factors and may still make detectable levels of acetylcholine.
It is conceivable that those neurons that survived the profound disruption produced by the dissociation procedure had in fact been able to regress to a more dedifferentiated (and therefore, more "flexible")
state. This explanation, of course, assumes that a shift in transmitter production from adrenergic to cholinergic has occurred. The possibility has not been ruled out that the normally cholinergic sympathetic neurons thought to be present in this ganglion are selectively surviving and forming the observed synaptic potentials. The observed cholinergic connection between explanted ganglia and muscle could also be explained by the presence of extensively ramifying normal cholinergic SCGN. Assuming this subpopulation of cholinergic sympathetic neurons is in fact present within the rat SCG, it remains unclear what the mechanism of their selective survival in culture might be. In this context, one may rule out the ability to form functional synaptic connections since two culture series of otherwise healthy postnatal SCGN were found devoid of synaptic interactions (31). Also, in the absence of supporting cells or conditioned medium, O'Lague et al. (17, 18) were unable to find synaptic interactions in otherwise healthy embryonic SCGN cultures. In addition, recent evi-
